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I. Introduction
Geneticists now engineer pesticidal crops that offer farmers a new tool for
controlling a variety of agricultural pests.  Unfortunately, laboratory and field pests have
developed resistance to toxins expressed by these transgenic crops.  Therefore, increased
selection pressure from the wide spread adoption of transgenic crops can result in a
resistant pest population diminishing the potential pest control benefits.  The
Environmental Protection Agency (EPA) conditionally approved transgenic varieties of
corn and cotton allowing industry time to study resistance management concerns.  These
conditional registrations expire in 2001.
Industry and entomologists have focused attention on a high-dose refuge
management plan to combat resistance.  There are two components to this plan.  First, the
transgenic expresses a high level of toxin.  Second, a portion of cropland is planted to
refuge, areas where the toxin is not used for pest control.  These refuges allow susceptible
pests to mate with resistant pests slowing the proliferation of resistance.  As part of the
EPA’s conditional registration, a mandatory 20 percent pesticide treated or 4 percent
untreated refuge is required for transgenic cotton.  Mandatory refuges are not required for
transgenic corn; however, industry is required to submit a draft refuge management
strategy by August of 1998, with the final strategy required by January of 1999.
Pest susceptibility is a traditional nonrenewable resource (Hueth and Regev,
1974; Regev, Gutierrez, and Feder, 1976; Regev, Shalit, and Gutierrez 1983).
Susceptible pests are valuable because they are controlled by the transgenic.  However,
exploiting this value leads to a resistant pest population.  Alternatively, controlling pests2
is a traditional renewable resource problem (Regev, Shalit, and Gutierrez 1983) since
surviving pests propagate.  Therefore, the EPA’s attempts to encourage resistance
management are justified to prevent too rapid a buildup of resistance, while promoting an
efficient level of pest suppression.
Currently, there is a debate over how much refuge to plant.  The purpose of this
paper is to develop an economic model to evaluate alternative high-dose refuge
management plans.  We then use the model to investigate how refuge and important
parameters affect the value of agricultural production when Bt corn is planted to control
the European Corn Borer.  Our analysis focuses on a constant refuge over time, which is
consistent with the refuge plans proposed by entomologists, implemented by industry,
and required for cotton by the EPA.  However, if administrative costs are negligible, a
constant refuge is sub-optimal.  Still, a constant refuge may be optimal if the
administrative costs of a temporally optimal strategy are higher.
Our results indicate that there is an important economic tradeoff between the pest
control and population management benefits of transgenic crops, and the resistance
management benefits of refuge.  We find the optimal constant refuge is sensitive to
various biological and economic factors.  The value of production is generally insensitive
to refuge around the optimum and increases in refuge above the optimum are generally
less costly than decreases.  These results support two conclusions.  First, uncertainty will
dictate a higher optimal refuge.  Second, while non-uniform refuges can increase the
value of agricultural production, the increase is generally modest such that uniform
refuges are justified if they cost less to implement.  Finally, preserving pest susceptibility3
requires a costly increase in refuge that is higher the longer the planning horizon.
Therefore, it is hard to justify preserving pest susceptibility if Bt corn must last for an
extended period of time.  However, if Bt corn is soon replaced by another technology, it
is easier to justify preserving pest susceptibility.
II. The Model
Our model builds on Taylor and Headley (1975).  Suppose there is a single pest
afflicting an agricultural production region.  Based on the work of Gould (1998), Onstad
and Gould (1998a, b) and Roush and Osmond (1996), we assume that the pest’s genetic
variation is characterized by the Hardy-Weinberg principle (see Hartl, 1988).  R denotes
the resistance conferring allele, and S denotes all other possible alleles.  Therefore, pests
can be 1) a resistant homozygote¾ possessing two resistant alleles, RR; 2) a
heterozygote¾ possessing one resistant allele, RS or SR; or 3) a susceptible
homozygote¾ possessing no resistant alleles, SS.
Many pests produce multiple generations during a growing season.  Let g denote
the generation of pest where there are G generations per season.  Define Ntg as the total
pest population in season t and generation g measured as the number of pests per plant.
Define Rtg as the frequency of the R allele in season t and generation g.
The agricultural production region is planted to a single crop but there are two
varieties, refuge, denoted by i = 0, and a transgenic that is toxic to pests with at least one
S allele, denoted by i = 1.  The survival rates of resistant and susceptible homozygotes on
the ith variety are rRR
i and rSS
i.  The survival rate of heterozygotes on the ith variety is
rRS
i.  The net survival rate on the ith crop in season t and generation g is4
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i) is the proportion of yield loss, and Ntg
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iNtg is the number of surviving
pests for the ith variety.  The net survival rate of pests in season t and generation g is ztg =
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Since the proportion of refuge is constant, pest damages in the ith variety, Dt
i, and the
population and resistance in the next season can be written as function of the population
and resistance at the beginning of the season:
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Given the price per yield, P, and the production costs per acre, C
i, for the ith
variety, the value of agricultural production per acre in season t is
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subject to equations (5), (6), and (7) for t = {1,..,T – 1 }, 0 £ f £ 1, the initial pest
population, N0, and proportion of resistant alleles, R0, where T is the length of the
planning horizon, d is the discount rate, and F(f) = F(NT1, RT1) is the per acre salvage
value of agricultural land given the final pest population and resistance.  Differentiating



























































































































































































Equation (9b) says to plant refuge until the marginal cost equals the marginal benefit.
There are four components to the marginal cost of increasing refuge.  The first
term on the left-hand side of equation (9) is the increased damage from corn borers in a6
given year, holding the corn borer population constant.  The second term is the
discounted increased cost of additional pests at the end of the planning horizon.  The third
term reflects the cost within the planning horizon of increased pest pressure.  The final
term is due to an increase in within season survival rates.
There are three components to the marginal benefit of more refuge on the right-
hand side of equation (9).  The first is the benefit of not having to pay the increased
production costs for the transgenic.  The second is the discounted benefit of reducing
terminal resistance.   The final term is due to the reduction of resistance within the
planning horizon.
III.  The Optimal Proportion of Refuge for Bt Corn
Bt corn expresses one of several forms of a protein found in the soil bacterium
Bacillus thuringiensis.  This protein is toxic to the European corn borer (ECB), which
costs U.S. farmers over $1 billion annually (Mason et. al., 1996).  We now use our model
to determine how refuge and important parameters affect the value of agricultural
production in corn producing regions of the Midwest.  Table 1 summarizes our initial
parameters, while justification is provided in Hurley, Babcock, and Helmich (1998).
The optimal refuge for our initial parameters is about 20 percent resulting in an
annualized income of $120 per acre, a final pest population of 0.11 pests/plant, and a
final proportion of resistance of 1.0.  If only refuge is planted, annualized income is $65,
while the final population is 1.77, and final resistance is 1.0x10
-4.  Alternatively, if Bt
corn is planted exclusively, the annualized income is $87, the final population is 1.77,
and final resistance is 1.0.  Planting Bt corn exclusively increases the value of production7
34 percent by initially reducing the pest population; however, resistance develops rapidly
and the population recovers to its original levels within 20 years.  Managing resistance by
planting the optimal refuge increases the value of agricultural production an additional 51
percent by providing better long-run control of the ECB.  Planting about 20 percent
refuge still reduces the initial population, though not by as much.  Resistance develops
slower and the population fails to recover within the planning horizon.
Figure 1 (a) and (b) illustrates the tradeoff between the annualized value
agricultural production, the final pest population, and final resistance as refuge increases
from 0 to 100 percent.  Increasing refuge from 0 to 20 percent has almost no effect on the
final pest population or resistance, although, the value of agricultural production
increases by nearly 40 percent.  Between 20 and 45 percent refuge, the final pest
population rapidly becomes and remains negligible, while final resistance remains at 1.0.
Between about 45 and 55 percent refuge, final resistance declines rapidly with little
impact on the final population, though the value of agricultural production begins to
decline more noticeably.  Beyond 55 percent refuge, the efficacy of Bt corn is preserved,
but pest populations are not managed effectively.
Sensitivity analysis shows that while 20 percent refuge is reasonable for our initial
parameters a number of biological and economic parameters affect how much refuge
should be planted.  Table 2 summarizes the factors with the greatest effect on the optimal
refuge and the effect of these factors on the annualized value of agricultural production
and the final pest population and resistance.8
The optimal refuge is sensitive to the fitness of resistant pests, survival rates on
refuge, heterozygote survival rate, initial frequency of resistance, planning horizon, and
increased cost of Bt corn.  The final pest population is also sensitive to these factors,
while in general it is optimal to exhaust pest susceptibility whenever possible.  However,
the maximized value of agricultural production is only sensitive to the heterozygote
survival rate, initial frequency of resistance, and cost of Bt corn.
V. Policy Implications
Our previous analysis focuses on the value of agricultural production within the
planning horizon assuming the salvage value of agricultural land is negligible.  But, there
may be a significant benefit to preserving susceptibility, particularly for a short planning
horizon.  Two questions we now consider are 1) What is the cost of recommending too
little or too much refuge? 2) What is the cost of preserving pest susceptibility?
Figure 2 shows the annualized value of production as refuge increases for
alternative planning horizons.  If a new technology replaces Bt corn in 5 years and the
salvage value of agricultural land remains negligible; the optimal refuge is less than 1
percent.  If the technology is available in 25 years, the optimal refuge is about 5 percent.
For less than 1 percent refuge, annualized income is $102 for 25 years and $92 for 50
years.  With about 5 percent refuge, annualized income is $120 for 5 years and $109 for
50 years.  When refuge is about 20 percent, annualized income is $119 for 5 years and
$120 for 25 years.  Therefore, while a 20 percent refuge is higher than the optimum for a
5 or 25 year planning horizon, the reduction in the value of agricultural production is9
small.  Alternatively, planting 5 percent refuge or less has a larger impact on the value of
agricultural production for longer planning horizons.
As refuge increases above 0 the value of production increases rapidly, reaches a
peak, and then begins a gentle decline that becomes steeper as refuge approaches 55
percent.  Given this general pattern also holds for most other parameters, planting too
much refuge is less costly than planting too little, so uncertainty dictates a higher optimal
refuge.  Also, since the value of agricultural production is relatively flat around the
optimum, tailoring refuge based on regional differences may not be justified if uniform
refuges are less costly; for instance, if it is easier to ensure farmer compliance.
Preserving pest susceptibility beyond the planning horizon may be justified if new
varieties of transgenic corn use current Bt toxins in conjunction with new toxins or the
EPA decides on a short planning horizon and reassess resistance management once more
information is available.  Since the potential benefits of pest susceptibility are hard to
quantify, we focus on evaluating the opportunity cost of preservation.
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and pest susceptibility,  () ( ) 10 , 1 - - = T R R S f f , in terms of the final proportion of
susceptible alleles.  By varying refuge, we construct a production possibility curve (PPC)
that resembles Figure 3.  With no refuge, we start at point A with susceptibility fully
exhausted.  As we increase refuge to the optimum, we move to point B where we delay
resistance and maximize the value of production, but susceptibility is still fully
exhausted.  Increasing refuge above the optimum moves us first to point C where the10
value of production has declined, but there is no increase in susceptibility.  Further
increases in refuge up to 100 percent move us through points D and E to F.  Now, while
the value of production has declined, susceptibility has increased approaching 1.0.  The
slope of the PPC measures the marginal cost of susceptibility in terms of the value of lost
production.  Which point on the PPC maximizes welfare depends the marginal value of
production and susceptibility.  If our value of susceptibility is high, as represented by the
indifference curve labeled U1, we should plant enough refuge to achieve S
F
1.  If our value
of susceptibility is low, as represented by the indifference curve labeled U2, the point of
tangency at D, suggests we should plant enough refuge to achieve S
F
2.  However, the
PPC is non-convex and we can increases welfare to U2’ by planting the optimal refuge
and exhausting susceptibility.
Figure 4 shows the cost of increasing final pest susceptibility from
999 . 0 ˆ 0 < < T S  for 5, 25, and 50 years, which is calculated by integrating the slope of the
PPC.  Initially, these cost curves are relatively steep as the final proportion of susceptible
alleles increases from 0.0 to about 0.5.  The cost curves then flatten out as the
susceptibility increases from 0.5 to about 0.99 when the cost curves begin to increase
more rapidly.  To obtain any benefits in terms of susceptibility, refuge must be over twice
what is required to maximize the value of production.  Also, preserving susceptibility is
more costly when the planning horizon is longer.  Therefore, if new technologies replace
Bt corn within 5 years, the benefits of preserving susceptibility may justify the costs.
However, if Bt corn must last for 25 or 50 years for instance, then it is much harder to
justify increasing refuge to preserve susceptibility.11
VI. Conclusions
Genetically engineered crops add a new weapon to a farmer’s pest control arsenal.
However, the potential for resistance and the common property nature of pests threaten to
diminish this value.  Thus, resistance management can improve economic returns.  One
resistance management plan receiving attention is based on a high-dose refuge strategy
where crops express a high level of toxin and farmers plant refuge.
The purpose of this paper was to develop an economic model to assess the
sensitivity of an optimal constant refuge to important biological and economic parameters
and to evaluate the effect of refuge on the value of agricultural production and pest
susceptibility.  For our initial parameters, we find that the optimal refuge is about 20
percent.  However, this result is sensitive to a number of uncertain biological and
economic parameters.  We find that the value of production is generally insensitive to
refuge over a broad range and that too little refuge is generally more costly than too
much.  Therefore, a uniform refuge recommendation may be justified if it is less costly to
administer than a non-uniform recommendation that adjusts for heterogeneity.  Also,
uncertainty will generally increase the optimal refuge.  Finally, preserving susceptibility
to Bt requires significant and costly increases in refuge.  These costs are easier to justify
if Bt corn will soon be replaced by new technologies or if the EPA chooses to reevaluate
resistance management in a couple of years when more information is available.12
References
Gould, Fred (1998). Sustainability of Transgenic Insecticidal Cultivars: Integrating Pest
Genetics and Econology. Annual Review of Entomology 43:701-26.
Hartl, Daniel L. (1988). A Primer of Population Genetics: Second Edition. Sinauer and
Associates, Inc. Sunderland, MA.
Hueth D. and U. Regev (1974). Optimal Agricultural Pest Management with Increasing
Pest Resistance. American Journal of Agricultural Economics 56(3, August):543-
552.
Hurley, Terrance M., Bruce A. Babcock, and Richard L. Hellmich (1998). Biotechnology and
Pest Resistance: An Economic Assessment of Refuges. CARD Working Paper 97-WP 183.
Mason, Charles E., Marlin E. Rice, Dennis D. Calvin, John W. Van Duyn, William B.
Showers, William D. Hutchison, John F. Witkowski, Randall A. Higgins, David W.
Onstad, and Galen P. Dively (1996). European Corn Borer Ecology and
Management. North Central Regional Extension. Publication No. 327. Iowa State
University, Ames IA.
Onstad, David W. and Fred Gould (1998a). Do Dynamics of Crop Maturation and
Herbivorous Insect Life Cycle Influence the Risk of Adaptation to Toxins in
Transgenic Host Plants? Environmental Entomology forthcoming.
Onstad, David W. and Fred Gould (1998b). Modeling the Dynamics of Adaptation to
Transgenic Maize by European Corn Borer (Lepidoptera: Pyralidae). Journal of
Economic Entomology.13
Regev, Uri, Andrew P. Gutierrrez, and Gershon Feder (1976). Pests as a Common
Property Resource: A Case Study of Alfalfa Weevil Control. American Journal of
Agricultural Economics May:186-197.
Regev, Uri, Haim Shalit, and A. P. Gutierrrez (1983). On the Optimal Allocation of
Pesticides with Increasing Resistance: The Case of the Alfalfa Weevil. Journal of
Environmental Economics and Management 10:86-100.
Roush, Rick and Glen Osmond (1996). Managing Resistance to Transgenic Crops.
Advances in Insect Control: The Role of Transgenic Plants N. Carozzi and M.
Koziel, eds.). Taylor and Francis, London. pp. 271-294.
Taylor, C. Robert and J. C. Headley (1975). Insecticide Resistance and the Evaluation of
Control Strategies for an Insect Population. The Canadian Entomologist
107(March):237-242.Table 1: Initial parameters.
Parameter Name Symbol Initial Value
Biological Parameters
Generations of Pests Per Cropping Season G 2
Survival Rate of Resistant Homozygotes rRR
i 1.0
Survival Rate of Susceptible Homozygotes on Refuge rSS
0 1.0
Survival Rate of Heterozygotes on Refuge rRS
0 1.0
Survival Rate of Susceptible Homozygotes on Bt Corn rSS
1 0.0
Survival Rate of Heterozygotes on Bt Corn rRS
1 0.05
Initial Pest Population (Pests Per Plant) N0 1.77
Initial Frequency of Resistant Alleles R0 1.0x10
-4
Economic Parameters
Planning Horizon (Years) T 50
Interest Rate (1 + d) / d 0.04
Price of Corn ($/Bushel P $2.35
Pest Free Yield (Bushels/Acre) Y
i 130
Production Cost ($/Acre) C
i $185
Constant Marginal Yield Loss (Pests/Plant) dg 0.04
Salvage Value of Agricultural Land ($/Acre) F(f) 0
Table 2: Summary of parameters that have the greatest impact on the optimal proportion of refuge.




















0 0.25 - 1.0 0.196 - 0.260 $120.08 – $120.42 0.01 – 0.12 1.0 – 1.0
rRS
1 0.0 - 0.5 0.001 - 0.465 $89.49 - $120.50 0.0
b – 1.77 1.0 – 1.0
R0 1.0x10
-7 - 1.0x10
-3 0.044 – 0.430 $118.37 - $120.45 0.01 – 1.35 1.0 – 1.0
Economic Parameters
T 1 - 50 0.0 – 0.196 $120.08 - $120.50 0.0
b - 0.11 0.96 – 1.0
C
1 $185 - $195 0.196 - 0.402 $113.06 – 120.08 0.0
b - 0.11 1.0 – 1.0
a The reported range corresponds to the maximum and minimum values taken throughout the parameter range.  These values may not correspond
directly to the maximum and minimum of the parameter values.
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